To evaluate the quality of Pollen Typhae as used in traditional Chinese medicine, a highperformance capillary electrophoresis (HPCE) method has been developed, validated and applied to chromatographic fingerprinting and quantitation of its eight main bioactive flavonoids (naringenin,
Introduction
The pollen of Typha angustifolia Linn., called Puhuang (Pollen Typhae) in Chinese, has been used as a traditional Chinese medicine (TCM) in the treatment of dysmenorrhea and stranguria and in promoting wound healing. Recent studies have shown that Pollen Typhae exerts numerous pharmacological effects including immunosuppression, raising cAMP levels, lowering cholesterol and anticoagulation [1] [2] [3] . The major bioactive compounds in Pollen Typhae [4] [5] [6] are flavonoids shown to possess antioxidant 7 , antiinflammatory 8 , antigenotoxic 9 , and antiprotozoal activities 10 . However, it is well known that a herbal medicine exerts its therapeutic effects through the combined action of many chemical components. For this reason, the quality control of herbal medicines, unlike that of western medicines, requires the determination of many compounds in a process known as fingerprinting.
Recently a number of chromatographic techniques have been evaluated for fingerprinting including HPLC, HPTLC, GC and CE. Whilst all are recognized as rapid, reliable and sensitive techniques for the identification and quantitation of herbal medicines 11 , high-performance capillary electrophoresis (HPCE) is becoming increasingly recognized as a particularly useful separation technique due to its high resolution, small sample volume requirement and extraordinary small solvent consumption. It also provides faster analysis time and better separation efficiency than HPLC. Nevertheless, HPLC remains superior to HPCE in terms of accuracy, sensitivity and precision and for this reason HPCE is proposed as a complementary technique to HPLC for the separation of flavonoids in herbal TCM. Accordingly, there are now numerous reports of chromatographic fingerprinting of herbal products using CE [12] [13] [14] . In the present study, HPCE was used to establish the fingerprint of Pollen Typhae and its processed products and determine the content of eight bioactive flavonoids. The results show that HPCE offers a simple, quick and reproducible method for quality control of Pollen Typhae.
Materials and methods

Materials
Ten samples of Pollen Typhae (S1-S10) sourced from different places in China (mainly from Jiangsu province) and grown under different conditions were collected. One of these (S3) was used to prepare processed products (S11-S14) ( Table 1) . Samples were identified by Professor Xunhong Liu, Pharmaceutical College, Nanjing University of Chinese Medicine and voucher samples were deposited in the Chinese Medical Specimen Laboratory, Pharmaceutical College, Nanjing University of Chinese Medicine.
Standards and reagents
The following eight flavonoids were isolated from Pollen Typhae by our laboratory:
, quercetin 3-O-neohesperidoside (VI), kaempferol (VII) and quercetin (VIII). Their structures (Fig. 1) were elucidated based on their 1 H NMR, 13 C NMR and mass spectra. The purity of each compound as determined by HPLC was498%. Stock solutions of each reference compound were prepared in methanol. Sodium borate (analytical reagent grade) was supplied by Nanjing Chemical Plant (Nanjing, China). Purified deionized water was obtained from Hangzhou Wahaha Group (Hangzhou, China). All other chemicals were of analytical reagent grade.
Instrumentation and electrophoresis conditions
All CE experiments were performed on a HPCE system (G1600-AX, Agilent Technologies, Waldbronn, Germany) equipped with a diode-array detector. Instrument control and data acquisition were conducted using CE Chemstaion software (Agilent Technologies). Separation was on an uncoated fused-silica capillary tube (75 cm Â 75 mm, i.d.) with the detection window set 63 cm from the injection site. The background electrolyte was 30 mM sodium borate solution adjusted to pH 8.90 with 0.1 M NaOH. Detection was by UV absorption at 206 nm using a voltage of 20 kV. Samples were introduced into the capillary by pressure injection (5 kPa) over 10 s. Daily conditioning of the capillary was done by washing for 5 min and then running for 5 min both with buffer. Between runs, the capillary was purged for 5 min with buffer. Fresh buffer was used every 10 runs to ensure good repeatability. The capillary was purged for 10 min with 0.1 M NaOH followed by 10 min with deionized water at the end of each analysis day.
Sample preparation
For quantitation, about 0.5 g dried Pollen Typhae was accurately weighed into a 100 mL conical flask with stopper and extracted for 60 min by ultrasonication with 40 mL methanol. Additional solvent was then added by weight to compensate for any lost during extraction. For fingerprint analysis, 2.0 g dried Pollen Typhae was treated in the same way. All solutions were filtered through a 0.22 mm membrane before injection.
Fingerprint analysis
Data analysis for chromatographic fingerprinting was performed using Similarity Evaluation System for Chromatographic Fingerprint (SESCF) of TCM (Version 2004 A) software. This is recommended by the National Commission of the Chinese Pharmacopoeia (NCCP) 15 for assessing similarities of chromatographic profiles of TCM by calculating the correlation coefficient (r) defined by the equation:
where X i and Y i are the elements in two chromatographic profiles, n is the number of the elements in the profiles, and X and Y are the mean values of the n elements of profile x and y, respectively.
Results and discussion
Optimization of sample preparation
In order to optimize extraction efficiency, solvent and extraction method were investigated. Ultrasonication was shown to be superior to refluxing and subsequently ultrasonication with pure methanol (rather than methanol-water) for 60 min was found to provide optimum extraction efficiency of the eight marker flavonoids.
Optimization of CE conditions
Effects of buffer concentration and pH
Increasing the ionic strength of the running buffer generally decreases the electroosmotic flow (EOF) and increases the migration time. Such was the case in this study where it was found that increasing the buffer concentration in the range 10-50 mM decreased electrophoretic mobility and led to longer migration times of all eight analytes. However, buffer concentrations430 mM reduced assay sensitivity as peak currents of all analytes decreased and the effect of Joule heat became more pronounced. Fig. 2 summarizes these results and shows that while lower sodium borate concentration shortens the analysis time, it reduces resolution of the analytes. A sodium borate concentration of 30 mM separated all analytes in a total migration time of 20 min and was chosen for subsequent experiments. The pH of the running buffer is known to affect zeta potential (z), EOF, and the overall charge of analytes and thereby affect their migration time and separation. The effect of running buffer pH in the range 8.3-9.5 on migration time of the eight analytes is shown in Fig. 3 . Increasing pH increased migration time and improved resolution of all compounds. A pH of 8.9 gave good separation of analytes and with sodium borate at a concentration of 30 mM provided the best compromise between resolution, efficiency and analysis time. These conditions were selected for subsequent assay development. (Fig. 4) . It was found that high voltage caused increased baseline noise, decreased detection sensitivity and generated more Joule heat leading to a decrease in separation efficiency and even current drop. At lower voltage, peak broadening occurred. Based on these results, 20 kV was chosen as the optimum voltage. The effect of changing the capillary temperature in the range of 20-25 1C was also studied (Fig. 5) . It was found that separation was affected slightly by temperature and, at temperatures420 1C, a current drop was often observed. On this basis, 23 1C was selected as the optimum temperature. In summary, optimum separation was obtained using 30 mM sodium borate pH 8.9 at a separation voltage of 20 kV and a capillary temperature of 23 1C. The current produced was 65 mA. A typical electropherogram for a mixed standard solution is shown in Fig. 6. 
Method validation
Linearity for assay of analytes was investigated using the optimum separation conditions. The results are summarized in Table 2 . Calibration curves exhibit good linearity for each analyte over the following concentration ranges (mg/mL): I 0.99-9.90; II 1.30-13.00; III 9.70-97.00; IV 1.27-12.70; V 1.04-10.40; VI 1.13-11.30; VII 1.16-11.60; VIII 2.01-20.10. Limit of detection (LOD) and lower limit of quantitation (LLOQ) based on signal-to-noise ratios of 3 and 10, respectively, are listed in Table 2 .
Intra-and inter-day variations were utilized to determine the precision (as relative standard deviation, RSD) of the proposed fingerprinting and quantitative method, which were evaluated by analysis of five replicates of mixed standards on three different days. The mean concentrations (mg/mL) of the eight analytes were I 9.90; II 13.00; III 97.00; IV 12.70; V 10.40; VI 11.30; VII 11.60; VIII 20.10. The results are summarized in Table 3 .
In terms of repeatability, six samples collected from the same source (S1) were analyzed and the RSD values of the eight analytes calculated. To investigate stability of the analytes, extracts were analyzed on storage for 48 h (0, 2, 4, Table 4 and show good repeatability and stability of the samples.
To evaluate recovery, 0.5 g powdered sample S1 was accurately weighed, spiked with a known amount of each analyte by adding the mixed stock solution and analyzed in triplicate ( Table 5 ). The total amount of each analyte (content of S1 plus spiked amount) was determined and compared with the theoretical amount to calculate recovery.
Sample analysis
The method was applied to determine the eight flavonoids in 14 samples. The results show that the eight analytes were present in most samples and that their total amounts were present in the range 0.3-1.1 % w/w. Compounds II and III were the predominant constituents being present in most samples. The total content of the eight flavonoids was highest in sample S1 from Neimenggu, while the total content was lowest in the processed product than sample S14. These differences presumably reflect differences in environmental conditions during growth, the drying process and storage conditions 16 . Table 6 also shows that the content of flavonoids in Pollen Typhae is very different from that in processed products. For example, the content of IV in S11 is significantly higher than that in S3, that of II in S11 is lower than that in S3 and those of III in S11-S13 are all lower than that in S3. These results suggest that the procedures used in the preparation of processed products should be standardized to assure the quality of Pollen Typhae. 
Fingerprint analysis of pollen Typhae
Ten samples (S1-S10) of Pollen Typhae were used to establish the fingerprint. A simulated mean chromatogram as generated by SESCF is shown in Fig. 7 . The nine peaks indicated in the chromatograms were assigned as characteristic peaks. By comparing migration times of peaks in the samples with those in the standard mixture, peaks 4, 5, 6, 7, 8 and 9 were identified as II, III, IV, V, VI, VIII, respectively. Table 6 The contents (% w/w) of the eight analytes in samples of Pollen Typhae and processed products (n ¼ 3). The CE fingerprint of S1 was selected as reference for similarity analysis with the reference fingerprint which was developed as the median of all chromatograms. The results are given in Table 7 and Fig. 7 shows chromatographic fingerprints of samples of different batches. The results indicate that the chromatographic patterns are generally consistent although the intensities of some peaks differ. The results imply that chromatograms are indicative of similar pharmacological properties of the Pollen Typhae samples.
Fingerprints of pollen Typhae and its processed products
The similarity of chromatograms of Pollen Typhae samples with those of its processed products (Fig. 8) was 40.93 whereas the similarity of simulated mean chromatograms from different processed products was o0.92 (Table 7) . This suggests that the chemical constituents of processed products of Pollen Typhae are different from those of samples and that the simulated mean chromatogram obtained from the ten Pollen Typhae samples can be used as a standard CE fingerprint to evaluate processed products of Pollen Typhae.
Conclusions
A method based on HPCE has been developed for fingerprint analysis and simultaneous determination of eight active flavonoids in Pollen Typhae. The method is reliable and reproducible and can be used as a convenient means of identification and assessment of the quality of Pollen Typhae and its processed products. 
